In order to investigate the atmospheric oxidation processes and the formation of secondary organic aerosol (SOA), an indoor environmental reaction smog chamber are constructed and characterized. The system consists of the collapsible ∼830 L FEP Teflon film main reactor, in which the atmospheric chemical reactions take place and the formation of SOA occurs under the simulated atmospheric conditions, and the diverse on-line gas-and particle-phase instrumentation, such as the proton transfer reaction mass spectrometer, the synchrotron radiation photoionization mass spectrometer, the aerosol laser time-of-flight mass spectrometer, and other traditional commercial instruments. The initial characterization experiments are described, concerning the temperature and ultraviolet light intensity, the reactivity of the pure air, the wall loss rates of gaseous compounds and particulate matter. And the initial evaluation experiments for SOA yields from the ozonolysis of α-pinene and for mass spectra of the products resulting from the photooxidation of OH initiated isoprene are also presented, which indicate the applicability of this facility on the studies of gas-phase chemical mechanisms as well as the formation of SOA expected in the atmosphere.
I. INTRODUCTION
Atmospheric aerosols, consisting of liquid or solid particles suspended in air, play a key role in many environmental processes. It is well recognized that organic compounds make up a substantial fraction of atmospheric fine particulate matter and secondary organic aerosol (SOA), resulting from the atmospheric oxidation of reactive organic gases, contributes to 45%-60% of the organic aerosol mass in the atmosphere [1, 2] . As an important source leading to the formation of photochemical smog and the increase of ozone concentration in troposphere [3, 4] , SOA is also of climatic interest acting as cloud condensation nuclei [5] , and scattering or absorbing solar radiation [6] . Furthermore, as a portion of the organic component of PM2.5 in am-bient atmospheres, SOA also has an important impact on human health, and numerous studies have shown a clear linkage between the increased risk of lung cancer or cardiovascular disease and the exposure to ambient aerosols [7] [8] [9] . However, owing to the complexity of the source of organic aerosol, the diversity of the chemical compounds comprising the SOA faction, and the difficulty of isolating chemical and microphysical processes in the atmosphere, our understanding on the formation, properties and impact of SOA is still limited.
Being able to provide controllable and repeatable conditions in which the chemical processes of interest can be studied separately, environmental reaction smog chamber, especially indoor type, has proven an indispensable tool in the study of atmospheric chemistry and SOA formation [10] [11] [12] [13] [14] . For example, a state-of-theart smog chamber facility comprising two 28 m study the temperature dependence of SOA formation [16] . In 2005, an indoor environmental reaction smog chamber facility for the study of atmospheric processes leading to the formation of ozone and SOA at very low reactant concentrations was constructed at University of California at Riverside [17] . And almost at the same time, a temperature-controlled environmental reaction smog chamber was set up in Paul Scherrer Institute of Switzerland [18] . Although environmental reaction smog chamber is essential for developing and evaluating chemical mechanisms or models for predicting the formation of SOA in the absence of uncertainties associated with emissions, meteorology, and mixing effects, many works in China mainly focused on the kinetics of the atmospheric related oxidation [19] [20] [21] , and there is lack of the studies on SOA formation and the corresponding atmospheric chemistry and physics based on smog chamber system in China [22] [23] [24] . Especially, the efficient smog chamber facility, which should be competent for identifying the chemical composition of gas and particle production of the interesting atmospheric chemical reaction processes and evaluating their contribution to the formation of SOA simultaneously, is appealed urgently in China. It is the goal that this work is directed to.
A new indoor environmental reaction smog chamber was built at Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences in order to well investigate atmospheric chemical reaction process and mechanism and the formation of SOA. A suite of online instrumentation for the analysis of the gas phase as well as the aerosol phase, including the proton transfer reaction mass spectrometer (PTR-MS), synchrotron radiation photoionization mass spectrometer (SRPIMS) and aerosol laser time-of-flight mass spectrometer (AL-TOFMS), and the corresponding controls are described. Details of the characterization experiments and the evolution experiments are also presented, which demonstrate the application of this facility in the studies of the oxidation of volatile organic compounds (VOCs) in the presence (OH initiated oxidation) and absence (O 3 initiated oxidation) of UV light.
II. CONSTRUCTION OF THE SMOG CHAMBER FACILITY
The schematic of the smog chamber facility is shown in Fig.1 . The facility is roughly divided into three function blocks: a simulation reaction chamber, a component injection system, and a detection system. The simulation reaction chamber, where the atmospheric chemical reaction happens, is a main part made of Teflon FEP material. The component injection system is a part where background gases (purified air, NO x , SO 2 , or NH 3 etc.) or particles (seed aerosol), precursor of interested reaction (VOCs) and oxidant (O 3 or OH radical) can be injected into the chamber. And the detection system, which is controlled by a PC to meet the requirements of automatic sampling and data record- ing, comprises a suite of traditional and non-traditional instruments used to monitor gas and particle species within the reactor.
A. Simulation reaction chamber
The main reactor, which is housed inside a highly reflective aluminum enclosure, is a ∼830 L (1.3 m×0.8 m×0.8 m) flexible bag made of 75 µm FEP Teflon film. FEP Teflon film is one kind of the generally accepted materials in environmental reaction smog chamber designed for its high transparency and chemical inertia as being exposed to a near UV irradiation. And collapsible design enables air extraction from the chamber without altering the pressure inside the reactor. The low-cost and efficient UV irradiation is provided by a bank of total twelve 40 W black lamps (peak intensity at 350 nm) mounted on the wall of aluminum enclosure. Each lamp can be controlled separately so that light intensity can be adjusted in different levels according to the requirements of the experiments.
B. Component injection system
Pure air is generally used as carrier gas for primary components injected to the chamber in our experiments. As shown in Fig.2 , the pure air system consists of an air compressor, drying system, particle filtering system, and zero air supply (AADCO 737-15, USA); and the corresponding parameters of these parts are briefly described in Table I . The pure air system can supply purified air with no detectable non-methane hydrocarbons (NMHC<1 ppb), NO x (<1 ppb), low O 3 concentration (<1 ppb), low particle densities (<5 particles/cm 3 ), and <5% relative humidity (RH) at rate up to 40 L/min at pressure of 30 psi.
As shown in Fig.1 , gaseous components (such as NO x and NH 3 ) are carried by purified air and supplied to the chamber directly. While O 3 is generated by passing the purified air through a corona discharge O 3 generator, wherein flow rates and time can be controlled to provide O 3 of ppb to ppm mixing ratios in the chamber. Liquid parent hydrocarbon (for example, isoprene or α-pinene) is firstly evaporated in a 250 mL glass sampling bulb, which is wrapped in a temperaturecontrolled heater (50−300 • C), and then flushed into the chamber by purified air. A particle generation system (TSI, model 3940, USA) is available for seed particle experiments, which consists of a constant output atomizer (TSI, model 3076, USA), a diffusion dryer (TSI, model 3062, USA), and an aerosol charge neutralizer (TSI, model 3077, USA). The dry seed particles with a certain concentration and size distribution can be obtained by controlling the concentration of the solution and the injection time.
C. Detection system
The commercial instruments used to monitor gaseous species and aerosol particles within the reactor are listed and briefly described in Table II . The temperature and RH in the smog chamber are detected continually by a temperature and humidity sensor (Vaisala HMT333, Finland). The concentrations of O 3 , NO (NO 2 , NO x , NH 3 ), and SO 2 are measured in real time by ozone analyzer (TEI, model 49i, USA), NH 3 analyzer (TEI, model 17i, USA) and SO 2 analyzer (TEI, model 43i, USA) respectively. Generally, hydrocarbons (especially the precursors of SOA) are monitored by gas chromatography-flame ionization detector (GC-FID, Agilent 7820A, USA) equipped with an HP-5 capillary column (30 m×0.32 mm×0.25 µm film thickness). The gaseous species in the smog chamber are sampled by the six-port stainless steel injection valve equipped with a heated (150
• C) 0.25 mL Teflon sampling loop, and the GC temperature program is as follows: 50
• C for 0.5 min, 50−150
• C/min. The calibration of the concentration of HCs was performed prior to each experiment by vaporizing some microliter volumes of a sample solution into an 80 L Teflon bag filled with a determined volume of pure air [25] . The size distribution and number concentration of aerosol particles are monitored using a scanning mobility particle sizer (SMPS), which consists of a TSI model 3077
85 Kr neutralizer, a TSI model 3081 long column cylindrical differential mobility analyzer (DMA), and a TSI model 3775 condensation particle counter (CPC). In general, the SMPS is operated at a rate of 135 s/scan. While DMA operates with sheath at flow rate of 3.0 L/min and aerosol sample at flow rate of 0.3 L/min, and the corresponding column voltage is exponentially ramped from −10 V to −9591 V to allow for measurable particle mobility size distribution in the range of 14−673 nm.
The smog chamber is also characterized by several featured home-made instruments besides the aforementioned traditional instruments. A Chernin multipass cell system has been developed and combined with the smog chamber in our group for measurement of VOCs based on absorption spectroscopy in ultraviolet-visible range. The details of the principle, design, and application of the cell have been described previously [26, 27] . Briefly, the optical path-length can be adjusted from 3 m to 330 m, and its detection limit is 19.1 µg/m 3 for NO 2 with 37 m absorption path-length. As a non-dissociative ionization technique based on proton transfer reactions to ionize organic components, proton transfer reaction mass spectrometer (PTR-MS) was developed originally for trace gas analysis [28] and applyed in research on atmospheric photochemical reaction within environmental reaction smog chambers [18] . A high sensitive PTR-MS has been constructed recently [29] and has also been cooperated with the smog chamber for on-line measurements of gaseous components within the chamber. The mass spectrometer consists of an ion source (H 3 O + is used as the proton donor), an ion-molecule reaction flow tube, and a mass spectrum detection system. And its detection limit is around 10 −8 based on the primary ion intensity, ion reaction time, and instrumental parameters.
With regard to its tunability in the ultraviolet (UV) and vacuum ultraviolet (VUV) energy range and highintensity photons, synchrotron radiation (SR) is wellknown as one of the best fragment-free, single-photon photoionization sources for a "soft" ionization method. A VUV photoionization mass spectrometer based on SR [30] has been combined with the smog chamber for the first time very recently in our group [31] . Generally, the mass spectrometer is operated at the energy region 7.5−22.4 eV, which is enough to ionize almost all gas components within the chamber. In view of the particular advantage of SR photoionization mass spectrometry, which is universal to the detected molecules based on the ionization energy (IE) of molecules and can determine molecular composition further by photoionization efficiency (PIE) curve although not with only the m/z ratio, it is believed that the technique may find a wide range of applications in the study on atmospheric oxidation and formation of SOA.
On-line detection of size distribution and analysis of chemical composition of aerosol particles are prerequisite to study atmospheric photochemical processes and formation of secondary organic aerosol (SOA). However, the traditional methods, such as SMPS and GC-MS, can only be competent for one way. To overcome those disadvantages, an aerosol time of flight mass spectrometer was designed [32] and employed to detect the par-DOI:10.1063/1674-0068/27/06/631-639 c ⃝2014 Chinese Physical Society ticle phase generated in the reaction chamber, which allow real-time measurement of the size and chemical composition of individual aerosol particle. The mass spectrometer can measure aerosol particle with the size low to 100 nm at an average 10% hit rate of ionization, and has a mass resolution high to 1510 at m/z=913 [33] .
D. Auto-control and data acquisition system
A computer auto-control and data acquisition system is used to acquire, process, and record data from the detection instruments. And the software is programmed by using Labview. The analog signals from O 3 analyzer, NH 3 analyzer, SO 2 analyzer, and temperature and humidity sensor are firstly converted to digital through a 12 bits analog to digital (AD) conversion chip and then recorded by personal computer. To reduce the consumption volume of the samples within the chamber, gaseous components or aerosol particles are sampled at regular intervals. This working mode is performed by using computer-controlled three-way electromagnetic valves installed between the chamber and the detection instruments. The program permits the setting of time sampling sequences and data logging according to the experimental requirements.
III. CHARACTERIZATION OF THE SMOG CHAMBER
Characterization of the smog chamber was performed in order to obtain the fundamental parameters, such as temperature, relative humidity, irradiation light, background reactivity of background gases, wall loss rates of gas reactants and particles.
A. Characterization of temperature and ultraviolet light intensity
In order to mimic ground-level sunlight with clear sky conditions in UV region, blacklights were chosen as irradiation source in our chamber. The emission spectrum of blacklight (peak intensity at 350 nm) is shown in Fig.3 , as well as the representative solar spectrum (z=0). Figure 4 shows the characterization of temperature in the smog chamber when 10 blacklights are turned on. It seems that after the initial increasing, the temperature inside the smog chamber keeps nearly stable around 24.5±0.2
• C in the following time during our experiment.
It is well known that the following reactions will be initiated under ultraviolet light [34] : 
where A and E/R are 2.0×10 −12 and 1.4×10 2 respectively [34] . The photolysis of NO 2 in this smog chamber is shown in Fig.5 , and the measured k 1 value in the smog chamber at full light intensity is 0.21 min −1 .
B. Reactivity of pure air
In order to evaluate the background reactivity, the characterization experiment was carried out under black condition with no reactive VOCs but 224 ppb O 3 and the purified air being added into the chamber. As shown in Fig.6 , total particle number concentration was less than 10 particle/cm 3 and total particle mass was less than 0.1 µg/m 3 during 4 h experiment, nearly the same as the background level. Compared with the photooxidation of VOCs, wherein the particle number concentration and particle mass are generally 10 5 particle/cm and 10 2 µg/m 3 , respectively, the formation of particles in pure air irradiations can be ignored in this chamber.
C. Wall loss of particle and gaseous compounds
According to the partitioning theory originally outlined by Pankow [35, 36] and Odum et al. [37] , SOA yield Y is defined as the ratio of the amount of SOA formed to the amount of hydrocarbon consumed,
where ∆M 0 (µg/m 3 ) is the mass of organic aerosol formed by the oxidation of ∆HC (µg/m 3 ). Accurate determination of the SOA yield requires correction of wall losses.
Particle wall losses are always expected in finite volume reactors and are somewhat enhanced by the charged surfaces of the Teflon media. It is believed that the loss of particles to the wall of the chamber is the principal process that complicates the interpretation of measured aerosol data. Particle deposition onto the wall of the chamber is the net result of turbulent, Brownian diffusion, gravitational sedimentation and also a function of the particle size [38] . In order to determine the deposition rate of the aerosol, decay of the (NH 3 ) 2 SO 4 aerosol was investigated under dark condition. The observations were conducted at low particle concentration (∼10 3 particle/cm 3 ) to avoid the coagulation. Particle wall loss can be described as a first order process dependent on a particle loss coefficient,
where N (d p ) is the concentration of particles and k dep (d p ) is the loss coefficient for particles with diameter d p [15] . Figure 7(a) shows the deposition rate constant of the particle as a function of its diameter measured in this chamber. Regarding to the irregular geometry of the chamber in this work, we tried to determine the relationship between k dep and d p by optimization of four parameters (a, b, c, and d) according to empirical Eq.(7) [16] .
The optimized line well expressed the experimental data, and the parameters a, b, c, and d were optimized to be 4.17×10 −13 , 4.66, 10.18, and 0.75 respectively. As for the smaller volume of this chamber, it is reasonable to find that the decay of the aerosol with bigger size in this chamber is faster than that of TCRDL [16] and TSC [23] . For example, for the aerosol with 150 nm of d p , k dep is calculated to be 30.0%/h for our chamber, whereas 10.3%/h for TCRDL [16] and 6.74%/h for TSC [23] . Based on the measurement of the deposition rate constant of the particle, the wall effect for aerosol particles of this chamber has been corrected well (as shown in Fig.7 (b) and (c) ).
The wall loss of gaseous compounds of the chamber, especially reactive VOCs, was also evaluated. α-pinene has been chosen as a test sample. In the trial, the initial α-pinene concentration was 2122 ppb, and the resulting concentration was still 2118 ppb after 3 h. Therefore, the wall loss of HCs is negligible in this chamber.
IV. INITIAL EXPERIMENTS

A. α-Pinene/O3 SOA yield
In our recent work, we have demonstrated the applicability of the chamber on the study of SOA size distributions and formation rates from photo-oxidation of isoprene with organic seed [39] . Based on the total aerosol volume measured by SMPS, total mass of SOA can be calculated as its average density has been determined.
In order to evaluate the reproducibility of the chamber, a series of α-pinene/O 3 experiments were performed under dark condition and the results were compared with those carried out in Caltech [15] , and are listed in Table III An example of the evolution of particle size distribution (raw data). (c) The evolution of particle size distribution (corrected data based on the measurement of k dep shown in Fig.7(a) ). The data are analyzed according to the original schemes outlined by Pankow [35, 36] and Odum et al. [37] . Following the semiempirical product model, SOA yield Y , can be expressed as
where α i is the mass-based stoichiometric fraction of species i formed from the parent hydrocarbon, k i is the gas-particle partitioning coefficient, and M 0 is the total mass concentration of organic material. As shown in Fig.8 , the yield data of our chamber have shown essential agreement with those of Caltech chamber, which verified the ability of the new chamber to accurately simulate gas-particle conversion processes. It is worth pointing out that the yield in our work is a little lower.
Regarding to the relative humidity as one of the important factors in SOA formation [40] , however, it is reasonable that the SOA yield of this chamber (RH=10%) is less than the yield of Caltech (RH<2%).
B. Measurement of products chemical composition
The determination of chemical composition of gas or particle phase products resulting from oxidation of VOCs is pivotal to learning the formation, properties and impact of SOA. And it covers a wide range of analytical techniques. Compared to off-line techniques, which often create the inherent risk of artifacts due to adsorption, evaporation, and chemical reactions during the multi-step collection and analysis procedure, on-line techniques have revolutionized the chemical analysis of products by providing real-time measurements. Generally, the complexity of the organic component and the strong fragmentation of molecular ion species in traditional MS make it very difficult to identify unambiguously the chemical composition of the gaseous or particle phase products from atmospheric oxidation.
It is believed that both PTR-MS and SRPIMS are featured for their "soft" ionization and the other properties, such as high mass resolution, high sensitivity and ability to discriminate the isomers. In this work, gas FIG. 9 Mass spectra of products from isoprene/CH3ONO/air system photochemical reaction. (a) PTR-MS for gas products, (b) SRPIMS for gas products at the photon energy of 15 eV, (c) ALTOFMS for particle products.
phase products produced from isoprene/CH 3 ONO/air photooxidation system have been detected and analyzed on-line by PTR-MS and SRPIMS respectively. As shown in Fig.9 , C 4 H 6 O (m/z=70) is detected as a major gas phase product from OH initiated isoprene photooxidation reaction in the two different kinds of MS ( Fig.9 (a) and (b) ). Further work proves that two isomers, methacrolein (MACR) and methyl vinyl ketone (MVK), are candidates for m/z=70 components. While the further oxidation of MACR is responsible for the formation of SOA, the oxidation of MVK makes no contribution to the formation of SOA.
Aerosol laser time-of-flight mass spectrometry (AL-TOFMS) is notable for the capability of the simultaneous determination of both the size and chemical composition of individual particle in real-time [41] . An aerosol laser time-of-flight mass spectrometer has also developed in our group and its cooperation with smog chamber in the study on photooxidation of the aromatic hydrocarbon has been demonstrated previously [42, 43] . In this work, particle phase products produced from isoprene/CH 3 ONO/air photooxidation system are also detected on-line by ALTOFMS. As shown in Fig.9(c) , the components m/z=120 has been found partition in particle phase, which is attentively assigned as 2-methylglyceric acid (2-MG). As it was found recently that a series of oligomers involving 2-MG are related with the formation of SOA, 2-MG is believed to act as SOA tracer compound for isoprene oxidation in the ambient atmosphere [44] [45] [46] . Although more work is needed to analyze the whole features in this mass spectra, the results obtained here show reasonable agreement with those investigated by using different kinds of techniques in the other laboratories [47] .
V. CONCLUSION
A state-of-the-art smog chamber is designed and constructed for investigation of atmospheric chemistry in this work. Useful analytical techniques, such as PTR-MS, SRPIMS, and ALTOFMS, have been developed and employed to the smog chamber system for on-line measurement of gas and particle products of VOCs oxidation. A series of characterization and evaluation experiments has been carried out, which shows general agreement with other work and good reproducibility of the chamber. Although only the primary data are shown here, the ability to accurately and precisely study gas-phase chemical mechanisms and SOA formation of this chamber facility is demonstrated.
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